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ABSTRACT 

The detailed reports on the Apollo 11 sample 
analyses were presented at the Apollo 11 Lunar Science Con- 
ference in Houston on January 5-8, 1970. Over 140 Principal 
Investigators covered the fields of geology, mineralogy, 
petrology, radiogenic isotopes, inorganic and organic chemistry, 
solar wind and cosmic ray spallation products, magnetic and 
electrical properties, physical properties, impact metamor- 
phism and micropaleontology. The individual results, while 
important singly, add up to the greatest single advance in 
the understanding of a planetary-size body ever attained. 
With that in mind, I have attempted in this memorandum to 
integrate the salient results. Some things, such as the 
role of meteoroid impact in generating the regolith, the time 
of volcanism at Tranquillity Base and certain details of the 
crystallization history of the lava flows are sensibly clear. 
Others, including the nature of the source of the lavas, the 
interpretation of the old age of the regolith, and details 
of the solar wind-lunar surface interaction are not obvious. 
The clarification of problems will require much more study 
of the Apollo 11 samples and of new samples from Apollo 12 
and future sites. 
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The f i r s t  d e t a i l e d  r e s u l t s  of t h e  Apollo 11 l u n a r  
sample a n a l y s e s  w e r e  p r e s e n t e d  by t h e  P r i n c i p a l  I n v e s t i g a t o r s  
i n  Houston on Janua ry  5-8, 1 9 7 0 .  I n  t h i s  memorandum I have 
a t t empted  t o  i n t e g r a t e  t h e  s a l i e n t  r e s u l t s  of ~ 1 4 0  p a p e r s  
p r e s e n t e d  t h e r e .  The r e a d e r  shou ld  keep i n  mind t h e  f a c t  
t h a t  t h e r e  h a s  n o t  y e t  been any c r i t i c a l  review of t h e  p a p e r s  
p r e s e n t e d .  Where numbers are mentioned, t h e y  shou ld  b e  t a k e n  
o n l y  as r e p r e s e n t a t i v e  s i n c e  o v e r l a p  of i n v e s t i g a t i o n s  and 
inhomogeneous samples r e s u l t s  i n  v a r i a t i o n .  Because of  t h e  
g r e a t  o v e r l a p  and t h e  s h e e r  number of p a p e r s ,  i t  i s  i m p r a c t i c a l  
t o  a t t r i b u t e  each p i e c e  of in fo rma t ion  t o  a g i v e n  I n v e s t i g a t o r .  
The i n t e r e s t e d  r e a d e r  i s  r e f e r r e d  t o  t h e  upcoming Janua ry  30 
i s s u e  of "Science" f o r  t h e  i n d i v i d u a l  pape r s .  

Sample Locale  

The l u n a r  samples r e t u r n e d  on Apollo 11 from Tranqu i l -  
l i t y  Base w e r e  c o l l e c t e d  from a c r a t e r e d  mare s u r f a c e  abou t  40km 
f r o m  t h e  n e a r e s t  s u r f a c e  h ighlands .  The samples c a m e  from t h e  
uppermost p a r t  of  a f ragmenta l  d e b r i s  l a y e r ,  c a l l e d  t h e  r e g o l i t h ,  
which ranges  from 3 t o  6 m  ( ~ 4 m  mean) i n  t h i c k n e s s  n e a r  t h e  LM 
l a n d i n g  s p o t .  By f a r ,  t h e  major component o f  t h e  r e g o l i t h  and 
r e p r e s e n t i n g  one t y p e  o f  r e t u r n e d  sample,  i s  t h e  weakly cohes ive  
f i ne -g ra ined  m a t r i x  (<Ian by d e f i n i t i o n )  c o n s i s t i n g  o f  mater ia l  
r a n g i n g  from s m a l l  rock ch ips  t o  m i c r o s c o p i c a l l y  s m a l l  rock 
f r agmen t s ,  glass p a r t i c l e s ,  and m e t e o r i t e  d e b r i s .  Mixed i n  wi th  
and l y i n g  on t o p  of t h e  f i n e s  are p i e c e s  of "rock" r ang ing  i n  
s i z e  from s m a l l  c h i p s  t o  Q l m  bou lde r s .  Three rock t y p e s  w e r e  
r e t u r n e d :  

1. b a s a l t s :  f i ne -g ra ined  (~0.05-0.2mm) v e s i c u l a r  c rys -  
t a l l i n e  igneous rocks;  

2 .  micro-gabbros: medium-grained ( ~ 0 .  2-3. Om) "vuggy" 
c r y s t a l l i n e  igneous rocks  ; and 

3 .  b r e c c i a :  an indura t ed  p h y s i c a l  mix tu re  of t h e  f i n e s  
and fragments  of t h e  rock types .  
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A n o t a b l e  a s p e c t  of t h e  rocks  i s  t,,e e x t e n s i v e  
m i l l i m e t e r  t o  s u b m i l l i m e t e r  p i t t i n g  and m i c r o f r a c t u r i n g  of 
t h e  s u r f a c e s  caused by long  exposure t o  meteoro id  bombard- 
ment. F u r t h e r  m a n i f e s t a t i o n  of t h e  impacts  i s  t h e  occur rence  
of glass ,  commonly a s  a l i n i n g  of t h e  smaller p i t s  o r  craters  
and o c c a s i o n a l l y  as a s p a t t e r  c r u s t  on t h e  rock s u r f a c e s .  The 
c o r r e l a t i o n  of crater  d e n s i t y  w i t h  roundness  of rocks  and 
occur rence  of craters  on a l l  s i d e s  of rocks  i n d i c a t e s  t h e  
e f f e c t i v e n e s s  of meteoro ids  i n  e r o d i n g  and t u r n i n g  o v e r  o r  
gardening  t h e  l u n a r  s u r f a c e .  

A word of c a u t i o n  is  necessa ry  b e f o r e  proceeding  t o  
a d i s c u s s i o n  of t h e  c r y s t a l l i n e  rocks :  t h e  minor o r  non- 
e x i s t e n t  shock e f f e c t s  i n  most c r y s t a l l i n e  rocks  and t h e  
nea rness  t o  t h e  LM (? ,50m)  of e jecta  from West Crater  ( ~ 4 0 0 m  
away) l e a d  one t o  conclude t h a t  most rocks  o r i g i n a t e d  i n  t h e  
nearby mare b u t  it cannot  be unequ ivoca l ly  demonstrated.  

O r i g i n  of  C r v s t a l l i n e  Rocks 

Both t h e  f ine -g ra ined  ( b a s a l t i c )  and medium-grained 
(micro-gabbroic)  rocks  can be demGnstrated t c  nave c r y s t a l l i z e d  
from igneous  m e l t s  over  a tempera ture  i n t e r v a i  of ( ~ 1 0 7 5 " - 1 2 2 5 ~ C .  
T h i s  t empera tu re  range ,  based upon oxygen i s o t o p e  geothermometry 
and o b s e r v a t i o n s  of t h e  me l t ing  r anges  of t h e  r o c k s ,  i s  s i m i l a r  
t o  t h a t  observed f o r  t e r res t r ia l  b a s a l t s .  P r i m a r i l y  because  of 
t h e  r e l a t i v e l y  low S i  and A l ,  however, t h e  lavas w e r e  a n  o r d e r  
of magnitude less v i s c o u s  than  t h e  u s u a l  terrestr ia l  b a s a l t s ,  
p o s s i b l y  e x p l a i n i n g  t h e  g r e a t  expanses  of  l u n a r  m a r e  a p p a r e n t l y  
covered  by i n d i v i d u a l  f low u n i t s .  

Both c r y s t a l l i n e  rock types  c o n t a i n  t h e  same major  
m i n e r a l s :  

1. 45-55% cl inopyroxene of a t y p e  c a l l e d  p i g e o n i t i c  o r  
subcalcic a u g i t e .  A c rude  average  composi t ion  i s  
% ( C a  3Fe.3Mg.4) Si03. Extreme zoning w i t h i n  g r a i n s  
and g ra in - to -g ra in  v a r i a t i o n s  account  f o r  t h e  wide 

(ca. 25-.  4 .17-.  70 range o f  compositions r e p o r t e d :  

' 5 f .  0 5-. 4 3 
i n t i m a t e  mixture  of t w o  c l inopyroxene  phases  - a u g i t e  
( r e l a t i v e l y  r i c h e r  i n  C a )  and p i g e o n i t e  ( r e l a t i v e l y  
r i c h e r  i n  Fe and Mg) ,  w i t h  t h e  p i g e o n i t e  e v i d e n t l y  
having  been exsolved  from an  i n i t i a l l y  homogeneous 
h igh  tempera ture  phase.  There a r e  s i g n i f i c a n t  amounts 
of C r ,  T i ,  and A1 and o t h e r  " i m p u r i t i e s "  i n  t h e  
c l inopyroxene  s t r u c t u r e s .  

Fe 

) Sin3 .  The c l inopyroxene  i s  o f t e n  an 
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2 .  25-35% p l a g i o c l a s e  f e l d s p a r ,  a s o l i d  s o l u t i o n  
series of two end-members r e p r e s e n t e d  by a l b i t e  
(Ab = N a A 1 S i 3 0 8 )  and a n o r t h i t e  (An = CaA12Si208). 

The l u n a r  p l a g i o c l a s e  i s  r i c h  i n  t h e  An component, 
an average  be ing  %An 
v a r i a t i o n  and c r y s t a l  zoning accoun t ing  f o r  a r ange  
of QAn60-98+. 
s i g n i f i c a n t  amounts of i r o n  ( ' ~ 0 . 3 % )  and t i t a n i u m  
(%O.  1%) and lesser amounts of o t h e r  " i m p u r i t i e s .  'I 

w i t h  g r a i n - t o - g r a i n  80-90 

The p l a g i o c l a s e  u s u a l l y  c o n t a i n  

3. 10-20% i l m e n i t e  - F e T i 0 3 .  The Fe and T i  are 
roughly s t o i c h o m e t r i c  e x c e p t  f o r  o c c a s i o n a l  major 
amounts of C r  and Z r .  I l m e n i t e  f r e q u e n t l y  shows 
e x s o l u t i o n  need le s  .. of r u t i l e  ( T i 0 2 )  and e x s o l u t i o n  

lamellae of u l v o s p i n e l  (Fe2Ti04)  . 
Minor amounts of t h e  fo l lowing  m i n e r a l s  have been found: 

1. O l i v i n e  (0 -5%)  - a solid s o l u t i o =  series i n  which 
f o r s t e r i t e  (Fo = Mg2Si04) and f a y a l i t e  (Fa = Fe2Si04)  
are t h e  end members. The l u n a r  o l i v i n e  h a s  a compo- 
s i t i o n  of ~ ~ 0 5 5 - 7 ~ .  R.elative t o  terrestrial  o l i v i n e ,  
t race N i  i s  low, C r  h igh .  

2 .  C r i s t o b a l i t e ,  Tr idymi te ,  Quartz  - up t o  a f e w  %. A l l  
are polymorphs of S i 0 2  w i t h  c r i s t o b a l i t e  be ing  s table  

a t  h igh  (>1473OC), t r i d y m i t e  a t  i n t e r m e d i a t e  (87OOC- 
1473OC) and q u a r t z  a t  low, (<87OoC) t empera tu res .  

3 .  T r o i l i t e  - FeS w i t h  traces of  N i ,  T i ,  and C r .  

4 .  Native i r o n  (kamaci te)  - F e  ( w i t h  low N i ) .  

5. A p a t i t e  (traces on ly )  - C a 5  (F ,  C 1 )  P3012 w i t h  minor 
S i  and Fe. 

.. 
6. Ulvospine l  ( t races)  - F e 2 T i 0 4  - as o c c a s i o n a l  d i s c r e t e  

g r a i n s  and as e x s o l u t i o n  lamellae i n  i l m e n i t e .  

7. O r t h o c l a s e  (potassium f e l d s p a r )  - KA1Si308 - minor 
amounts. 
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8. 

9 .  

10 .  

R u t i l e  - T i 0 2  - as e x s o l u t i o n  n e e d l e s  i n  i l m e n i t e .  

Z i rcon  - Z r S i 0 4  - r a r e .  

Bedde ley i t e  - Z r 0 2  - rare. 

11. Native copper  - rare. 

Four  new m i n e r a l s  or mine ra l  v a r i e t i e s  have been i d e n t i f i e d :  

. 85Ca. 13  
Mgao2) S i 0 3  [compare chemica l ly  w i t h  c l inopyroxenes ]  . 

1. An i r o n - r i c h  "pyroxenoid" o f  composi t ion ?, (Fe  

2. An iron-titanium-chromium s p i n e l  QFe 1 . 0  ( C r  7T i .6Fe .37  
A1.33Mg.23) '4 '  

3. Magnesian f e r ropseudobrook i t e  - e s s e n t i a l l y  Fe 5Mg. 
T i 2 0 5 .  . 

4 .  An iron'-titanium-zirconium s i l i c a t e .  

The q u e s t i o n  now i s ,  w h a t  does a l l  t h e  above t e l l  us?  
F i r s t ,  t h e  major mine ra l  types  a r e  common c o n s t i t u e n t s  of ter-  
r e s t r i a l  b a s a l t s  b u t  t h e  c l inopyroxene - fe ldspa r  r a t i o  i s  l a r g e r  
and t h e  re la t ive  amount of  i l m e n i t e  i s  e x c e p t i o n a l l y  h i g h  i n  
t h e  l u n a r  rocks .  The h igh  c l inopyroxene  may r e p r e s e n t  h i g h  
c l inopyroxene  i n  t h e  sou rce  m a t e r i a l  o r  (see below) t h e r e  may 
have been removal of p l a g i o c l a s e  from t h e  i n i t i a l  m e l t .  Whether 
t h e  s o u r c e  r e g i o n  o f  t h e  rocks con ta ined  l a r g e  amounts of 
i l m e n i t e  or whether  t h e  p a r t i c u l a r  rocks r e p r e s e n t  p a r t  of  a 
l a y e r e d  s t r u c t u r e  i n  which i l m e n i t e  w a s  g r a v i t a t i o n a l l y  con- 
c e n t r a t e d  i s  unknown. The most  i r o n - r i c h  l u n a r  pyroxene zones 
a r e  n o t  found i n  t e r res t r ia l  rocks .  T h e i r  occu r rence  i n  t h e  
Apol lo  11 samples and t h e  r e l a t i v e l y  l a r g e  amount of i r o n  i n  
t h e  p l a g i o c l a s e  i s  i n d i c a t i v e  b o t h  of t h e  modera te ly  h igh  i r o n  
c o n t e n t  of  t h e  magma and p r o g r e s s i v e  enr ichment  o f  i r o n  (and 
S i 0 2 )  i n  t h e  m e l t  as c r y s t a l l i z a t i o n  p rogres sed  (see be low) .  

Likewise t h e  l a r g e  amount o f  t i t a n i u m  i n  t h e  c l inopyroxenes  and 
f e l d s p a r s  i s  a t t r i b u t a b l e  t o  i n i t i a l l y  h igh  t i t a n i u m  c o n t e n t .  

The plagioclase is more calcic than the usual terres- 
t r i a l  b a s a l t i c  p l a g i o c l a s e ,  i n d i c a t i v e  of  a low abundance of 
sodium i n  t h e  rocks  and probably i n  t h e  s o u r c e  material .  

The occur rence  of n a t i v e  i r o n  and t h e  absence of  f e r r i c  
(Fe+++) i r o n  r e f l e c t  t h e  l o w  p a r t i a l  p r e s s u r e  of oxygen - esti-  

b a r s  a t  12OO0C,  a t  l ea s t  t h r e e  t o  f o u r  o r d e r s  mated t o  be  %lo - 13 
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of magnitude less than  t h a t  of terrestr ia l  b a s a l t s .  The 
r e s u l t i n g  (non-ea r th - l ike )  high i n i t i a l  c o n c e n t r a t i o n  of 
f e r r o u s  i r o n  (Fe ) ,  t h e  p r o g r e s s i v e  e n r i c h m e n t  of t h e  m e l t  
i n  i r o n  as c r y s t a l l i z a t i o n  proceeded, p l u s  t h e  r e l a t i v e l y  
l a r g e  amounts of chromium, t i t a n i u m ,  and zirconium accoun t s  
f o r  t h e  occur rence  of t h e  new m i n e r a l s .  

++ 

The a p a t i t e  i s  unusual i n  t h a t  t h e r e  i s  no water 
i n  t h e  f l o r i n e  and c h l o r i n e  s i tes ,  p o s s i b l y  r e f l e c t i n g  low 
w a t e r  i n  t h e  m e l t .  

The S i 0 2  polymorphs a r e  common i n  t e r r e s t r i a l  
igneous  rocks  and r e p r e s e n t  p a r t  of  t h e  l a s t  m a t e r i a l  t o  
c r y s t a l l i z e  from t h e  m e l t .  The  c r i s t o b a l i t e  and t r i d y m i t e  
a r e  metastable. T h e i r  s u r v i v a l  i s  i n d i c a t i v e  of  r a p i d  c o o l i n g ,  
r e l a t i v e  t o  t y p i c a l  "deep-seated" r o c k s ,  and low w a t e r  c o n t e n t .  
The  r a p i d  c o o l i n g  i n t e r p r e t a t i o n  i s  suppor t ed  by t h e  s m a l l  
g r a i n  s i z e  and d e t a i l e d  a n a l y s i s  of c r y s t a l  growth p a t t e r n s .  
I n  summary, a l l  s i g n s  a r e  c o n s i s t e n t  w i t h  an i n t e r p r e t a t i o n  
t h a t  t h e  c r y s t a l l i n e  rocks were p a r t  of  a s u r f a c e  l a v a  f l o w ( s ) .  

The v i r t u a l  absence of water ( a t  t h e  100ppm l e v e l )  
i s  m a n i f e s t  i n  t w o  ways. F i r s t ,  t h e r e  a r e  no s i g n s  of m i n e r a l  
h y d r a t i o n  s o  common i n  terrestr ia l  rocks .  Second, t h e  oxygen 
i s o t o p e  geothermometry for  the  micro-gabbros i n d i c a t e s  t h e  same 
h igh  t empera tu re  as do t h e  b a s a l t s  whereas t e r r e s t r i a l l y  i s o -  
t o p i c  exchange between t h e  m i n e r a l s  and wa te r  i n  g a b b r o i c  rocks  
commonly occur s  t o  lower tempera tures .  These  o b s e r v a t i o n s ,  
p l u s  t h e  ev idence  f o r  r a p i d  coo l ing  of t h e  b a s a l t s  ( f a v o r i n g  
h y d r a t i o n )  l e a d  m e  t o  conclude t h a t  t h e r e  never  was any w a t e r  
i n  t h e  rock m e l t  ( a s  d i s t i n g u i s h e d  from wa te r  b o i l - o f f  d u r i n g  
lava e x t r u s i o n ) .  

The c r y s t a l l i n e  rocks seem t o  have s t a r t e d  and f i n i s h e d  
c r y s t a l l i z i n g  from a mass of  m e l t  n o t  much g r e a t e r  t h a n  t h a t  o f  
t h e  f i n a l  rock. T h i s  i s  evidenced by t h e  g r a i n - t o - g r a i n  chemical  
h e t e r o g e n e i t y  and by e x t e n s i v e  zoning of i n d i v i d u a l  c l inopyroxene  
c r y s t a l s  which have calcium and magnesium-rich i n t e r i o r s  and 
i r o n - r i c h  r i m s .  S i m i l a r l y  p l a g i o c l a s e  f e l d s p a r  c r y s t a l s  f r e -  
q u e n t l y  show a zoning outwards as calcium d e c r e a s e s  r e l a t i v e  t o  
sodium. 

Many i n v e s t i g a t o r s  assume t h a t  t h e  d i f f e r e n c e  i n  g r a i n  
s i z e  which i n i t i a l l y  d i s t i n g u i s h e d  b a s a l t s  from micro-gabbros 
s imply  ref lects  a d i f f e r e n c e  i n  c o o l i n g  r a t e ,  t h e  c o a r s e r  micro- 
gabbros  a r i s i n g  from a more s lowly c o o l i n g  i n t e r i o r  of a f low 
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u n i t .  If l i f e  w e r e  t h a t  s imple,  t h e  chemis-ry of  t h e  r o c k s  
shou ld  be  s imply r e l a t e d .  I n  f a c t ,  it appears  t h a t  a l though  
t h e  rocks  are s i m i l a r  f o r  s e v e r a l  major e lements  (e.g. ,  S i ,  
C a ,  M g ,  A l ,  0) t h e  t w o  rock types  d i f f e r  s u f f i c i e n t l y  w i t h  
r e g a r d  t o  U ,  Th, K ,  Rb, C s  and B a ,  ( t h e  basal ts  u s u a l l y  con- 
t a i n  more t h a n  t h e  micro-gabbros) such t h a t  it t a k e s  a d d i t i o n  
of a t h i r d  component t o  t h e  micro-gabbroic rocks  i n  o r d e r  t o  
d e r i v e  t h e  b a s a l t s .  

Both c r y s t a l l i n e  rock t y p e s  are  abnormally h i g h  i n  
r e f r a c t o r y  e l emen t s ,  e.g., T i ,  Z r ,  Hf, Y ,  and t h e  rare e a r t h s ,  
b u t  low i n  vo la t i l e s ,  e.g., B i ,  Hg, Cu, Zn, Cd, T 1 ,  Pb, G e ,  
C 1 ,  B r ,  A s ,  and Sb r e l a t i v e  t o  assumed s o l a r  abundances (on a n  
H and He-free b a s i s ) .  Although it i s  r i s k y  t o  s p e c u l a t e  o n  
t h e  cosmic s i g n i f i c a n c e  o f  t h e  above, it i s  d i f f i c u l t  n o t  t o  
b e l i e v e  t h a t  t h e  bulk  of t h e  l u n a r  material  has  had a h i g h  
t empera tu re  h i s t o r y  a t  some p o i n t ,  presumably d u r i n g  i t s  o r i g i n .  
The l u n a r  K/U of %3000 ( e a r t h  % l O , O O O ) ,  a r a t i o  n o t  expec ted  
t o  change d u r i n g  igneous  d i f f e r e n t i a t i o n ,  s u p p o r t s  such an  
i n t e r p r e t a t i o n  as does d a t a  (see below) i n d i c a t i n g  t h a t  t h e  
l u n a r  rocks  "grew" i n  a Rb/Sr environment  much lower t h a n  t h a t  
of t h e  e a r t h  o r  c h o n d r i t i c  meteorites.  

I t  w a s  p o i n t e d  o u t  by many tha t  t h e  c r y s t a l l i n e  rocks  
most c l o s e l y  resemble ocean ic  r i d g e  basal ts  o r  c e r t a i n  t y p e s  of 
meteorites. These a n a l o g i e s  a r e  i n t e r e s t i n g ,  b u t  s i n c e  t h e r e  
i s  no 1:l equ iva lence ,  comparisons r e s u l t  i n  e x e r c i s e s  of 
s p e c u l a t i o n .  

An i n t e r e s t i n g  a s p e c t  of  t h e  c r y s t a l l i n e s  i s  t h a t  t h e  
t r o i l i t e  e v i d e n t l y  s e p a r a t e d  a s  an immisc ib le  s u l f i d e  l i q u i d  
l a t e  i n  t h e  s o l i d i f i c a t i o n  sequence. Likewise,  when t h e  r o c k s  
w e r e  90-98% c r y s t a l l i z e d ,  t h e  r e s i d u a l  s i l i c a t e  l i q u i d  separated 
i n t o  t w o  immiscible  phases ,  now most ly  g l a s s e s ,  w i t h  one phase  
b e i n g  h i g h  i n  e q u i v a l e n t  o r t h o c l a s e  ( p o t a s h )  f e l d s p a r  and s i l i c a  
c o n t e n t  - n o t  u n l i k e  "g ran i t e "  i n  composi t ion.  Whether o r  n o t  
s i g n i f i c a n t  amounts of such " g r a n i t e "  e x i s t  on t h e  moon remains 
t o  be s e e n ,  b u t  it i s  e s t a b l i s h e d  t o  be p o s s i b l e .  

A key q u e s t i o n  i s ,  does t h e  rock r e p r e s e n t  a sample of 
t h e  u n a l t e r e d  l u n a r  i n t e r i o r ,  i s  it a r e s u l t  of p a r t i a l  m e l t i n g ,  
o r  a r e s u l t  o f  f r a c t i o n a l  c r y s t a l l i z a t i o n ?  High p r e s s u r e  e x p e r i -  
ments i n d i e a t e  b h a t  t h e  b a s a l t s  ( p  %3.2 g/cc) i n v e r t  t o  a h igh  
d e n s i t y  ( p  Z3.6 g/cc) ga rne t -bea r ing  assemblage c a l l e d  e c l o g i t e  
a t  %12Kb ( e q u i v a l e n t  t o  %350km) a t  l l O O ° C  (or %OKb a t  5OOOC). 
Such a dense rock i s  n o t  compat ible  wi th  t h e  l u n a r  moment of 

iner t ia /MR2 v a l u e  of SO. 4 O 2 k  .002. 
t i v e ,  it may be p o s s i b l e  t o  d e r i v e  t h e  observed  rocks  by t h e  
p a r t i a l  m e l t i n g  ( ' ~ 3 % )  of an i n t e r i o r  composed predominant ly  of 

Cons ider ing  t h e  second a l t e r n a -  
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pyroxene b u t  such an e x p l a n a t i o n  i s  p u r e l y  h y p o t h e t i c a l  a t  
t h i s  p o i n t  s i n c e  no ev idence  f o r  such a rock  e x i s t s .  The 
l a s t  mentioned a l t e r n a t i v e  of f r a c t i o n a l  c r y s t a l l i z a t i o n  w a s  
f avored  by many a t t e n d e e s  f o r  t h e  f o l l o w i n g  r eason :  t h e  
rare e a r t h  e lements  (REE)  e x h i b i t  an unusual  (3X t o  4x1 d e p l e t i o n  
i n  europium. Europium i s  unique among t h e  REE i n  t h a t  under  
h i g h l y  r educ ing  c o n d i t i o n s  such as e x h i b i t e d  by t h e  l u n a r  
r o c k s ,  it can a l s o  e x i s t  i n  t h e  +2 va lence  s t a t e  whi l e  t h e  
o t h e r s  are i n  t h e  +3 s t a t e .  A s  such ,  europium p r e f e r e n t i a l l y  
c o n c e n t r a t e s  i n  t h e  calcic  p l a g i o c l a s e  f e l d s p a r  re la t ive  t o  
pyroxene and i l m e n i t e ,  a f a c t  born o u t  by t h e  a n a l y s i s  of REE 
i n  s e p a r a t e d  m i n e r a l  phases .  One could  account  fo r  t h e  m i s s i n g  
europium by hypo thes i z ing  t h a t  c r y s t a l l i z a t i o n  o f  large masses 
of a lmos t  pu re  p l a g i o c l a s e  f e l d s p a r  preceded e x t r u s i o n  of t h e  
b a s a l t i c  rock l i q u i d s .  Such masses of f e l d s p a r  ( r e f e r r e d  t o  
as a n o r t h o s i t e )  shou ld  e x i s t ,  p o s s i b l y  c o n s t i t u t i n g  t h e  high-  
l a n d s  and/or sub-mare r eg ions .  Th i s  h y p o t h e s i s  would b e  no 
more t h a n  s p e c u l a t i o n  e i t h e r  excep t  (see below) t h a t  f ragments  
of  a n o r t h o s i t e  and a n o r t h o s i t i c  gabbro rock and g l a s s  have been 
found i n  t h e  s o i l ,  such fragments  presumably having  been b l a s t e d  
i n  from t h e  h igh lands  or sub-mare r e g i o n s  by meteoro id  impacts .  
Suppor t ing  a h igh lands  sou rce  i n t e r p r e t a t i o n  i s  t h e  r a t h e r  good 
f i t  between t h e  a n o r t h o s i t e  cl-emistry- arid Surveyor  VI1 r e s u l t s  
a t  Tycho. 

O r i a i n  of  S o i l  and Breccia 

A s  demonstrated by bulk  chemis t ry  and m i n e r a l o g i c  
s t u d i e s ,  t h e  s o i l  a t  T r a n q u i l l i t y  i s  f o r  t h e  m o s t  p a r t  a com- 
minuted,  sometimes mel ted ,  mix ture  o f  t h e  two c r y s t a l l i n e  rock 
t y p e s  w h i l e  t h e  b r e c c i a  (see below) appea r s  t o  be  a p h y s i c a l l y  
i n d u r a t e d  e q u i v a l e n t  of t h e  s o i l .  I n  d e t a i l ,  however, it i s  
obvious  t h a t  s o i l  and b r e c c i a  c o n t a i n  components o t h e r  t h a n  t h e  
c r y s t a l l i n e  rocks .  Fo r  example, t h e  t o t a l  s o i l  h a s  less i l m e n i t e  
t h a n  t h e  r o c k s ,  i n d i c a t i v e  of d i l u t i o n  by a low i l m e n i t e  rock  
(it w a s  a l s o  noted  t h a t  t h e  meteoroid ga rden ing  might  l e a d  t o  
a g r a v i t a t i o n a l  c o n c e n t r a t i o n  of i l m e n i t e  i n  t h e  lower r e g o l i t h  - 
below t h e  sampled % l O c m ) .  

The n i c k e l  c o n t e n t  of t h e  f i n e s  (%190ppm) as c o m -  
p a r e d  t o  t h a t  of t h e  c r y s t a l l i n e  rocks  (<20ppm) i s  i n d i r e c t  

ev idence  i s  a v a i l a b l e  i n  t h e  form of i r o n - n i c k e l  p a r t i c l e s  
i n  t h e  g l a s s e s  of t h e  f i n e s  and i n  t h e  o b s e r v a t i o n  of  a c t u a l  
f ragments  of m e t e o r i t i c  cohen i t e  ( F e , C )  and s c h r e i b e r s i t e  

evidence f o r  a meteorite cornpo-",ent c?f t he  f i n e s .  D i r e c t  

J 

(Fe,NiI3P. The e lements  C ,  I r ,  Pd, Au, Ag, Zn, C d ,  B r ,  B i ,  and 
T 1  are 2-100 t i m e s  more abundant i n  t h e  f i n e s  and breccias t h a n  
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i n  t h e  c r y s t a l l i n e s .  While, p o t e n t i a l l y ,  so l a r  wind carbon 
cou ld  account  f o r  t h e  carbon anomaly, it t a k e s  a d d i t i o n  o f  
1 - 2 %  of carbonaceous chondr i t e  m e t e o r i t e  d e b r i s  t o  t h e  f i n e s  
and b r e c c i a s  t o  account  f o r  most o f  t h e  o t h e r  anomalies .  
(Note t h a t  t h e r e  i s  s t i l l  t o o  much Zn and C d  i n  t h e  s o i l  and 
b r e c c i a . )  Arguments based upon abundances of  R e ,  O s ,  Ir,  and 
Au i n d i c a t e  t h a t  i r o n  m e t e o r i t e s  p e r  se  c o n t r i b u t e  <<1% t o  
t h e  s o i l .  

I n  a d d i t i o n  t o  t h e  appa ren t  carbonaceous c h o n d r i t e  
m e t e o r i t e  c o n t e n t ,  t h e  s o i l  c o n t a i n s  (%0.5%)  f ragments  of  r o c k s  
composed a lmost  e n t i r e l y  of calcium-rich p l a g i o c l a s e  f e l d s p a r  
( A n g o + ) .  These same rocks ,  a n o r t h o s i t e s  and a n o r t h o s i t i c  gab- 
b r o s  are r e p r e s e n t e d  chemical ly  by t h e  r e l a t i v e l y  minor amount 
( ~ 0 . 1 % )  of almost c o l o r l e s s  g l a s s .  

Shock e f f e c t s  are amply v i s i b l e  i n  bo th  t h e  c r y s t a l -  
l i n e  f ragments  and g l a s s e s  of t h e  s o i l  and breccia. These 
e f f e c t s  are m a n i f e s t  by f r a c t u r i n g ,  c r e a t i o n  of  p l a n a r  f ea tu re s  
( i n c l u d i n g  g l a s s  lamellae) , p a r t i a l  f u s i o n  t o  complete f u s i o n  
of m i n e r a l s ,  and thetomorphic  g l a s s  ( s o l i d  s t a t e  t r a n s f o r m a t i o n  
t o  glass)  , C o r r e l a t i o n  o f  observed e f f e c t s  wi th  terrestr ia l  
ana logues  i n d i c a t e s  peak shock p r e s s u r e s  of 100-2GGKb i n  bo th  
t h e  s o i l  and b r e c c i a s ,  Ev iden t ly  t h e  b r e c c i a  h a s  been produced 
by shock l i t h i f i c a t i o n  of  t h e  s o i l  a t  p r e s s u r e s  abou t  t h e  same 
as t h o s e  producing  t h e  s o i l  i t s e l f .  An a l t e r n a t i v e  e x p l a n a t i o n  
g iven  w a s  t h a t  t h e  b r e c c i a s  were produced by a welding p r o c e s s  
i n  a "hot"  b a s e  s u r g e  a s s o c i a t e d  w i t h  a r e l a t i v e l y  large impact  
e v e n t .  Regard less  of which i s  c o r r e c t  ( t h e r e ' s  r e a l l y  no reason 
why bo th  c a n ' t  be )  t h e r e  i s  evidence i n  t h e  form o f  impact p i t s  
( t h e  s o - c a l l e d  zap craters)  and agglomera t ions  of s m a l l  i r o n  
and g l a s s  p a r t i c l e s  on larger fragments  t h a t  t h e r e  i s  mutual  
impact  among h o t  p a r t i c l e s  i n  t h e  e jecta  c loud  o r  r a y  d u r i n g  
an impact  e v e n t .  

I n  a d d i t i o n  t o  t h e  e l emen ta l  chemical  d i f f e r e n c e s  
between s o i l  and c r y s t a l l i n e  rocks ,  i t  i s  clear  t h a t  t h e  s o i l  
i s  e n r i c h e d  i n  t h e  heavier i s o t o p e s  of s u l f u r  ( S  34 VS. S 3 2 ) ,  

s i l i c o n  ( S i  30 vs. S i 2 8 )  oxygen (01* vs. 0 l 6 ) ,  and carbon (C 1 3  
7 -  

vs.  CI'). A p o s s i b l e  exp lana t ion  i s  s e l e c t i v e  l o s s  of l i g h t e r  
S i  and 0 d u r i n g  impact  v a p o r i z a t i o n  o f  S i 0 2  and selective loss 
of  l i g h t e r  H 2 S  and CH4 (where t h e  H comes from s o l a r  wind) .  

Of p a r t i c u l a r  i n t e r e s t  i s  t h e  w a t e r  and hydrogen con- 
t e n t  of t h e  s o i l  and b r e c c i a  and i t s  deuter ium c o n t e n t .  The 
c o n c e n t r a t i o n  r a n  as h igh  as ~800ppm H 2 0  i n  s o i l  and t o  ~450ppm 
i n  t h e  b r e c c i a  wi th  deuter ium rang ing  from 20-70ppm of  t h e  hydrogen 
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i n  t h e  w a t e r .  The measured deuter ium i n  t h e  hydrogen g a s  
(presumed t o  b e  o f  s o l a r  wind o r i g i n )  i s  from 5-3Oppm of 
t h e  hydrogen b u t  t h i s  may reflect  i s o t o p i c  e q u i l i b r a t i o n  
of hydrogen w i t h  t h e  w a t e r ' s i n c e  s o l a r  wind hydrogen shou ld  
t h e o r e t i c a l l y  c o n t a i n  much smaller amounts of deuter ium.  The 
low deuter ium,  r e l a t i v e  t o  t e r r e s t r i a l  water (%150ppm deu te -  
rium i n  hydrogen) ,  and thermal  r e l e a s e  p a t t e r n s  r u l e  a g a i n s t  
con tamina t ion  as a s o u r c e  of t h e  l u n a r  w a t e r  and i n d i c a t e  t h a t  
t h e  e a r t h  has  l o s t  ~2/3's of i t s  i n i t i a l  hydrogen i f  it had 
" l u n a r "  water t o  s t a r t  w i t h .  

Age Determina t ions  

Perhaps one of  t h e  m o s t  s i g n i f i c a n t  a s p e c t s  of t h e  
Conference concerns t h e  r a d i o m e t r i c  ages  o b t a i n e d  f o r  v a r i o u s  
samples.  Cons ider  t h a t  be fo re  Apollo 11 t h e  o n l y  way t o  g e t  
as estimate of t h e  a b s o l u t e  age of t h e  mar i a1  s u r f a c e s  w a s  t o  
a s c e r t a i n  t h e  crater d e n s i t y  a t  some p a r t i c u l a r  s i z e  ( s )  , assume 
t h a t  t h e  craters w e r e  produced by meteoro id  impac t ,  e s t i m a t e  
t h e  c u r r e n t  meteoro id  f l u x  c r e a t i n g  t h a t  s i z e  c ra te r ,  assume 
cons tancy  of f l u x  wi th  t i m e ,  and d i v i d e  d e n s i t y  by p r o d u c t i o n  
rate. Such t e c h n i q u e s  y i e l d e d  e s t i m a t e s  r ang ing  from ~ 1 / 2  t o  4 
b i l l i o n  y e a r s .  The r e t u r n  of t h e  samples opened t h e  door t o  
r a d i o m e t r i c  age d a t i n g  i n  which one estimates "age" by d e t e r -  
mining t h e  amount of  daughter  i s o t o p e  produced by a r a d i o a c t i v e  
p a r e n t  of known h a l f - l i f e .  The common t e c h n i q u e s  used fo r  
Apol lo  11 samples r e l i e d  on methods u t i l i z i n g  cer ta in  i s o t o p e s  
of rubidium (Rb), potass ium ( K ) ,  uranium (U), and thor ium (Th) 
as t h e  r a d i o a c t i v e  p a r e n t s .  S i n c e  m o s t  age d e t e r m i n a t i o n s  are 
done on a r o u t i n e  b a s i s  by de te rmining  on ly  t h e  e l e m e n t a l  abun- 
dance of Rb, K ,  U ,  and Th, i t  was necessa ry  t o  e s t a b l i s h  t h a t  
t h e  r e l a t i v e  i s o t o p i c  abundances of  l u n a r  Rb, K ,  U ,  and Th w e r e  
t h e  same a s  t e r r e s t r i a l  abundances. Within t h e  s m a l l  l i m i t s  
of error, t h e  l u n a r  and t e r r e s t r i a l  i s o t o p i c  p r o p o r t i o n s  a r e  
e q u a l .  

Now, l e t  u s  cons ide r  t h e  t i m e  o f  volcanism.  Based upon 
a n a l y s i s  of  Rb ( rubidium) and S r  ( s t r o n t i u m )  i s o t o p e s  i n  d i f -  
f e r e n t  m i n e r a l  phases ,  one can demonst ra te  t h a t  m o s t  of t h e  
c r y s t a l l i n e  rocks  had t h e i r  r a d i o a c t i v e  c l o c k s  reset 3.7 b i l l i o n  
y e a r s  ago. The b e s t  i n t e r p r e t a t i o n  of t h e  d a t a  i s  t h a t  t h e  rocks  
w e r e  e x t r u d e d  ( a s  a m e l t )  f r o m  t h e  l u n a r  i n t e r i o r  a t  t h a t  t i m e .  
D e t a i l e d  a n a l y s e s  of many rocks shows t h a t  t h e r e  are t w o  major 
groups  a s  d e f i n e d  by Rb87-Sr87 r a t i o s ,  t h a t  t h e  groups do n o t  
c o i n c i d e  one fo r  one wi th  t h e  b a s a l t  and micro-gabbro c l a s s i f i c a -  
t i o n ,  and t h a t  t h e  rocks do n o t  obv ious ly  a l l  have i d e n t i c a l  ages. 
A s t r a i g h t - f o r w a r d  i n t e r p r e t a t i o n  would i n d i c a t e  t h a t  t h e  
Apol lo  11 c r y s t a l l i n e  rocks may have come from ( a t  l eas t )  two 



BELLCOMM. I N C .  - 1 0  - 

lava f low u n i t s  of  s l i g h t l y  d i f f e r e n t  chemis t ry  and p o s s i b l y  
o f  s l i g h t l y  d i f f e r e n t  age (1.3.5-3.9 b.y.1. The two rock  
t y p e s  would r e p r e s e n t ,  s imply,  p o r t i o n s  of t h e  f lows which 
had d i f f e r e n t  c o o l i n g  t i m e s  (deeper  = s lower  c o o l i n g  - 
coarser c r y s t a l l i n i t y ) . *  The r e a d e r  shou ld  h e  aware t h a t  one 
sample of h i g h l y  shocked b a s a l t  y i e l d s  an a p p a r e n t  age o f  
4 . 4  b.y. and i s  chemica l ly  anomalous. 

An i n t e r e s t i n g  and s i g n i f i c a n t  o b s e r v a t i o n  i s  t h a t  
t h e  i n i t i a l  (Sr87/Sr86)  
i s o t o p e  used f o r  normal iz ing)  fo r  t h e  samples i s  very  low b u t  
s t i l l  above t h a t  o f  basa l t i c  a c h o n d r i t e  m e t e o r i t e s .  I t  t h e r e -  
f o r e  appea r s  t h a t  t h o s e  p a r t i c u l a r  m e t e o r i t e s ,  f o r  which a 
l u n a r  o r i g i n  h a s  been sugges ted ,  d i d  n o t  come from t h e  Apollo 11 

reg ion .  
and t h e  Ftb/Sr and modern ( ~ r ~ ~ / ~ r ~ ~ )  v a l u e s  f o r  t h e  e a r t h ,  one 
can show t h a t  the p a r t i c u l a r  rock c o u l d  n o t  have been i n  t h e  
t e r res t r ia l  Rb-Sr environment f o r  more t h a n  ~ 0 . 3  b.y. A l i t e r a l  
i n t e r p r e t a t i o n  s a y s  t h a t  t h e  moon, i f  it f i s s i o n e d  from t h e  
e a r t h ,  d i d  so  p r i o r  t o  ~ 4 . 3  b.y. ago ( t h i s  p e r  se  won ' t  u p s e t  
any " f i s s i o n  pecp le"  - t hey  usually b e l i e v e  a f i s s i o n  would have  
occur red  s h o r t l y  a f t e r  t h e  o r i g i n  of t h e  e a r t h ) .  

( S r 8 6  i s  a non-rad iogenic  s t r o n t i u m  

Cons ider ing  ( f o r  one sample!) t h e  l u n a r  rock (Sr87/Sr86)  

K (po tass ium)  - A r  ( a rgon)  ages  of  t h e  c r y s t a l l i n e  
r o c k s  range  f r o m  2.3 t o  3.8 b.y. i f  one s imply  c o r r e l a t e s  t o t a l  
Ar4 '  w i t h  K 4 0 .  
t h a t  t h e  K-Ar ages  might be  v a r i a b l e  on account  o f  argon l eakage ,  
w i t h  ages  t h u s  r e p r e s e n t i n g  minimum ages .  I t  has  been p o s s i b l e ,  
w i t h  t h e s e  samples ,  t o  determine t h a t  t h e  samples have indeed  
l o s t  up t o  50% of  t h e i r  argon. When c o r r e c t i o n s  are a p p l i e d ,  
t h e  "real"  ages  appear  t o  range from 3.5 t o  3.9 b.y. ,  w i t h  
c l u s t e r i n g  around 3.7,  c o n s i s t e n t  w i t h  i n t e r p r e t a t i o n s  o f  t h e  
Rb-Sr ages. 

I t  w a s  thought ,  b e f o r e  sample a n a l y s i s  began, 

Radiometr ic  ages of t h e  c r y s t a l l i n e  rocks  based  on 
t h e  uranium-lead decay schemes y i e l d  r e s u l t s  r ang ing  from $3.8 
t o  4 .2  b.y.  The lower va lues  cove r  t h e  upper  range r e p o r t e d  f o r  
Rb-Sr and K-Ar t echn iques  b u t  t h e  r eason  f o r  t h e  somewhat g r e a t e r  
values  f o r  t h e  upper range has n o t  been exp la ined .  

A h i g h l y  unexpected f i n d  w a s  t h e  ex t remely  r a d i o g e n i c  
n a t u r e  of l u n a r  l e a d .  Both m e t e o r i t i c  and t e r res t r ia l  l e a d  are 
composed o f  l e a d  i s o t o p e s  Pb 
n i f i c a n t  p o r t i o n  o f  Pb 2 0 4  be ing  i n d i c a t i v e  o f  " o r i g i n a l "  lead 
s i n c e  i t  i s  n o t  produced i n  any known n a t u r a l  long- l ived  r a d i o -  
act ive d i s i n t e g r a t i o n  scheme. The l u n a r  l e a d  i s  a lmost  e n t i r e l y  

Pb 2 0 6 r 2 0 7  and 2 0 8  i n d i c a t i n g  t h a t ,  i f  t h e  moon came from t h e  same 

204,206,207, and 208 with the sig- 

*Compare wi th  page 6 ,  top.  
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p o t  of chemicals  as d i d  t h e  e a r t h  and m e t e o r i t e s ,  it was 
purged of i n i t i a l  l e a d  b e f o r e  t h e  uranium-thorium c l o c k s  
w e r e  l as t  set .  An i n d i c a t i o n  o f  t h e  large l u n a r  d e p l e t i o n  
can be  seen  from t h e  U238/Pb204 of > 9 0  f o r  t h e  moon w h i l e  

t h e  t e r r e s t r i a l  v a l u e  i s  $10. 
w i t h  t i m e  on account  of i t s  long h a l f - l i f e . )  

( U 2 3 8  changes ve ry  s lowly  

L e t  us  now t u r n  t o  t h e  " a g e "  of  t h e  r e g o l i t h .  
F i r s t ,  it i s  p robab le  t h a t  t h e  r e g o l i t h  r e p r e s e n t s  a com- 
p o s i t e  sample of l u n a r  material  which has  been b u i l t  up o v e r  
an ex tended  p e r i o d  by t h e  meteoroid-induced comminution of  
"bedrock." Nost g e o l o g i s t s  b e l i e v e  t h a t  t h e  s o u r c e  o f  m o s t  
of t h e  r e g o l i t h  a t  T r a n q u i l l i t y  must be  t h e  $3.7 b.y.  o l d  
rock  presumably unde r ly ing  t h e  s o i l  t h e r e .  I t  i s  r ecogn ized ,  
of c o u r s e ,  t h a t  a t  l eas t  some, probably  minor amount o f  t h e  
material  came from d i s t a n t  r eg ions .  Evidence f o r  t h i s  comes 
from t h e  one 4 . 4  b.y. o l d  c r y s t a l l i n e  rock mentioned b e f o r e  
and t h e  de t e rmina t ion  t h a t  s e v e r a l  s m a l l  rock f ragments  
removed from t h e  f i n e s  g i v e  apparent  K-Ar ages  of 4 . 4  b.y. 
(Caut ion:  There i s  a l a r g e  c o r r e c t i o n  f o r  " s u r f a c e  c o r r e l a t e d "  
argon-40 i n  t h i s  c a l c u l a t i o n . )  The s u r p r i s e  e n t e r s  when one 
sees t h a t  t h e  "age" o f  t h e  s o i l ,  based on uranium-thorium-lead 
t e c h n i q u e s ,  i s  4.6-4.75 b.y. The f a c t  t h a t  t h e  uranium and 
thorium-lead and t h e  l ead / l ead  (less s e n s i t i v e  t o  uranium, 
tho r ium and lead l o s s  or g a i n )  r e s u l t s  a g r e e  (termed concordant  
a g e s )  gives conf idence  t o  t h e  a n a l y s e s .  Cons ider  a l s o  t h a t  t h e  
"age" of 4.6-4.75 b.y. i s  what one would p r e d i c t  f o r  t h e  age 
of t h e  moon o r  i t s  t i m e  of o r i g i n .  T h i s ,  combined w i t h  t h e  
o b s e r v a t i o n  t h a t  t h e  l e a d s  l i e  on a n  e x t e n s i o n  of t h e  meteorite 
lead e v o l u t i o n  curve  (me teo r i t e s  be ing  % 4 . 6  b.y. o l d )  c a u s e s  
one t o  b e l i e v e  t h a t  t h e  o l d  age indeed  r e p r e s e n t s  t h e  t i m e  of 
s e p a r a t i o n  of t h e  moon from t h e  g e n e r a l  so la r  system chemical  
po t .  The q u e s t i o n  remains,  of cour se ,  how does t h e  s o i l  o b t a i n  
o r  keep  t h e  s i g n s  of t h e  o l d  even t?  P o s s i b i l i t i e s  i n c l u d e  
( t h i s  i s  n o t  an i ' n c l u s i v e  l i s t ) :  

1. Most of t h e  s o i l  was d e r i v e d  from o l d e r  rocks  (4.6- 
4.75 b.y.1 and t h e  $3.7 b.y. rocks  are anomalous and 
r e p r e s e n t  a sampling q u i r k .  

a c t s ,  i n  formation of the soil, to L . 30111e  process1' - CI --. - 11.- ._ 

" a d j u s t "  t h e  ages  t o  t h e i r  o r i g i n a l  age.  I n  t h i s .  
s e n s e  t h e  s o i l  r e p r e s e n t s  a c l o s e d  sys tem as r e g a r d s  
t h e  whole moon. 

Geologica l  reasoning  and t h e  p r e l i m i n a r y  f i n d i n g  t h a t  
t h e  Apollo 1 2  samples are ~1 b.y. younger t h a n  t h e  11 samples  
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s u p p o r t s  a l t e r n a t i v e  2 b u t ,  t hen ,  nobody y e t  h a s  a good 
l lp rocess . "  I t  w i l l  t a k e  much more a n a l y s i s  of t h e  s o i l  
f i n e s  and rocks  a t  t h i s  and o t h e r  s i tes  t o  s o l v e  t h i s  
enigma. 

Attempts t o  d a t e  a b r e c c i a  and bu lk  s o i l  by t h e  
K - A r  method have been thwar ted  by t h e  abnormally h igh  
amounts o f  argon-40 i n  t h e  samples ( e f f e c t i v e  ages  would 
be much g r e a t e r  t h a n  t h e  appa ren t  l u n a r  age o f  4.6-4.75 
b.y.1. Based upon t h e o r e t i c a l  p h y s i c s  and upon comparison 
w i t h  argon-36 and -38 i n  t h e  samples ,  it i s  n o t  p o s s i b l e  
t o  a t t r i b u t e  t h e  argon-40 excess  t o  a s o l a r  wind source .  
A p o s s i b i l i t y  i s  t h a t  t h e  argon-40 i s  l u n a r  i n  o r i g i n  (from 
t h e  potassium-40 d e c a y ) ,  implanted i n  t h e  s u r f a c e  s o i l  from 
e i t h e r  a low p r e s s u r e  atmosphere o r  from h i g h e r  p r e s s u r e  
t r a n s i e n t  atmospheres created d u r i n g  t i m e s  of  volcanism.  A 
proposed i m p l a n t a t i o n  mechanism i n v o l v e s  c o l l i s i o n s  w i t h  
s o l a r  wind p a r t i c l e s .  

I have a l r e a d y  noted t h e  ev idence  f o r  an impact  
o r i g i n  of t h e  f i n e s  and b r e c c i a s .  Of i n t e r e s t  i s  t h e  t i m e  
s c a l e  f o r  g e n e r a t i o n ,  i . e . ,  rates of  e r o s i o n .  The s i m p l e s t  
estimate comes from d i v i d i n g  the mean t h i c k n e s s  of t h e  
r e g o l i t h  ( ~ 4 m )  by t h e  age of t h e  presumed i n i t i a l  s u r f a c e  on 
which it formed (%3.7 b.y.1,  y i e l d i n g  %lmm/million y e a r s .  A 
more d i r e c t  a n a l y s i s ,  u s ing  d a t a  on r a d i a t i o n  t r acks ,  i n d i c a t e d  
$lOmm/million y e a r s  f o r  a s p e c i f i c  rock.  

The s p r e a d  i n  cosmic r a y  exposure ages  a s  determined 
by t h e  u s u a l  methods (comparison of t h e  c o n c e n t r a t i o n  of  a 
r a d i o a c t i v e  element  t o  t h a t  of a non- rad ioac t ive  e lement ,  both 
o f  which are produced by cosmic r a y  bombardment) r anges  from 
% l o  t o  550 m.y. w i t h  p o s s i b l e  c l u s t e r i n g  a t  % l o 0  and %350 m.y. 
T h i s  i n d i c a t e s  t h a t  t h e s e  rocks have been b rough t  t o  t h e  s u r f a c e  
( o r  n e a r - s u r f a c e )  f r o m  depths  below 1 t o  2 meters (below which  
they  d o n ' t  "see" cosmic r a y s )  a t  a r easonab ly  c o n s t a n t  ra te  and 
t h a t  t h e  upper few meters a r e  b e i n g  mixed o r  gardened on a 500 
m.y. s c a l e .  T h i s  s p r e a d  i n  ages i s  much g r e a t e r  t han  t h e  1 0  t o  
30 m.y. mean p r e d i c t e d  f o r  t h e  r e t u r n e d  rocks  based  upon a c t u a l  
rock  crater  s t a t i s t i c s  and lab-der ived  e r o s i o n  c r i t e r i a .  The 
discussion below may e x p l a i n  t h e  d i sc repancy .  

An i n t e r e s t i n g  e x t e n s i o n  of  t h e  cosmic r a y  d a t i n g  
t e c h n i q u e  h a s  been p o s s i b l e  from a n a l y s i s  of t h e  ( e t c h e d )  
r a d i a t i o n  damaqe t r a c k s  produced by cosmic r a y s  i n  t h e  o u t e r  
s k i n  (few hundred u m )  of t h e  samples ( t h i s  " s k i n "  i s  a b l a t e d  
from m e t e o r i t e s  d u r i n g  e a r t h  e n t r y ) .  One group of  t r a c k s  has  
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been a t t r i b u t e d  t o  g a l a c t i c  cosmic r a y  i ron-group n u c l e i  
w h i l e  new classes have o r i g i n s  t e n t a t i v e l y  a t t r i b u t e d  t o ,  
s o l a r  f l a re  cosmic r a y s ,  s p a l l a t i o n  r e c o i l  n u c l e i  ( induced  
by so la r  f l a r e  p ro ton  bombardment) and heavy m a s s  (~200amu)  
s o l a r  wind p a r t i c l e s ,  Only a f e w  f i s s i o n  t r a c k s  w e r e  observed .  
Ana lys i s  of t h e  i ron-group t r a c k s  l e a d s  t o  c a l c u l a t e d  cosmic 
r a y  exposure ages much younger t h a n  t h o s e  o b t a i n e d  by a n a l y s i s  
o f  t h e  s p a l l a t i o n  produced nuc l ides .  For  example, one r o c k  
g i v e s  ~ 1 0 0  m.y. by s p a l l a t i o n  a n a l y s i s  b u t  % l o  m.y. by t r a c k  
a n a l y s i s ,  Knowing t h e  r e l a t i v e  depth  dependence of t h e  t w o  
methods, t h e  s t r a i g h t f o r w a r d  i n t e r p r e t a t i o n  i s  t h a t  t h e  rock 
w a s  i n  t h e  upper 15-200cm f o r  ~ 1 0 0  m.y. b u t  w i t h i n  15cm o r  
on t h e  a c t u a l  s u r f a c e  f o r  1.10 m.y. (it is  n o t  obvious t h a t  
t h e  1 0  m.y. had t o  b e  con t inuous ) .  Three o t h e r  rocks  d a t e d  
by t h i s  t echn ique  gave ages  of ~ 1 4 ,  $13, and a28 m.y. con- 
s i s t e n t  w i t h  t h e  10-30 m.y. mean ca l cu la t ed .  u s i n g  t h e  crater  
s t a t i s t i c s  and  l ab -de r ived  e r o s i o n  c r i t e r i a .  Another b i t  of 
i n f o r m a t i o n  t o  be  g leaned  from t h e  n e a r  s u r f a c e  t r a c k  a n a l y s i s  
i s  t h e  energy  spectrum of t h e  s o l a r  f l a r e  cosmic r a y s .  The 

p r e l i m i n a r y  r e s u l t  i s  t h a t  t h e  f l u x  i s  p r o p o r t i o n a l  t o  E - 3 .  

The a n a l y s i s  of  r a d i o n u c l i d e s  can be used t o  y i e l d  
in fo rma t ion  on t h e  constancy (or  l a c k  t h e r e o f )  of t h e  cosmic 
r a y  f l u x  by comparing measured amounts o f  l ong- l ived  s p e c i e s  

( h a l f - l i v e s  t o  % l o 6  y e a r s )  wi th  t h a t  c a l c u l a t e d  assuming t h e  
c u r r e n t  (known) f l u x .  The  r e s u l t  i n d i c a t e s  r e l a t i v e  cons tancy  

of s o l a r  f l a r e  p ro tons  and a lphas  f o r  t h e  l a s t  105-10  y e a r s .  
Of p a s s i n g  i n t e r e s t ,  t h e  a n a l y s i s  o f  s h o r t - l i v e d  r a d i o n u c l i d e s  
( h a l f - l i f e  % 1 / 4  - 2 y r s )  i n d i c a t e s  t h a t  much of t h a t  a c t i v i t y  
can be a s c r i b e d  t o  r e c e n t  known s o l a r  f l a r e  e v e n t s .  Of 
p a r t i c u l a r  i n t e r e s t  w a s  t h e  a n a l y s i s  f o r  t r i t i u m  ( H  1 .  Some 
w a s  expec ted  on account  o f  cosmic r a y  i n t e r a c t i o n s  wi th  l u n a r  
mater ia l ,  b u t  t h e r e  have been r e c e n t  d a t a  t o  sugges t  a tritium 
component i n  t h e  s o l a r  wind. R e s u l t s  t h u s  f a r  are i n c o n c l u s i v e  
r e g a r d i n g  such  a component i n  t h e  samples.  

6 

3 

S o l a r  Wind 

Ihe f i n e s  of t h e  r e g o l i t h  samples ( t o  Q l O c m  d e p t h )  
have proven t o  be s a t u r a t e d  w i t h  r e s p e c t  t o  t r apped  i i g n t  soiar  
wind noble  gases  ( p r e s e n t  ga in  = p r e s e n t  loss) i n c l u d i n g  H ,  H e ,  
N e  and maybe A r  ( t h e  s u r f a c e  c o n c e n t r a t i o n  o f  H e  can b e  accounted  
f o r  by ~ 3 0 0  y e a r s  of s o l a r  wind impingement).  T h i s  i s  a r e s u l t  
of t h e  long  average exposure of s o i l  t o  t h e  d i r e c t  solar wind 
f l u x  a s  determined by i t s  cosmic r a y  exposure age (%500 m.y.1 
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and t h e  f a c t  t h a t  t h e  low energy s o l a r  wind p a r t i c l e s  are 
t r a p p e d  i n  a ve ry  t h i n  o u t e r  l a y e r ,  20.2pm, of t h e  p a r t i c l e s .  
T h i s  l a t t e r  f a c t  has  been e s t a b l i s h e d  by n o t i n g  a d i r e c t  
a n t i c o r r e l a t i o n  of g r a i n  s i z e  wi th  gas  c o n t e n t  and by e t c h i n g  
exper iments .  

The f a c t  t h a t  p a r t i c l e s  are s a t u r a t e d  w i t h  solar 
wind gases makes i t  d i f f i c u l t  t o  de te rmine  rea l  s o l a r  abun- 
dances whether  a b s o l u t e  o r  r e l a t i v e .  For  example, H / H e ,  H/N,  

H e 4 / A r 3 6 ,  and N e 2 0 / A r 3 6  i n d i c a t e  t h a t  t h e  l i g h t e r  e lements  
have p r e f e r e n t i a l l y  escaped.  One comes t o  t h i s  c o n c l u s i o n  
by .comparing w i t h  expec ted  abundances, by n o t i n g  a s y s t e m a t i c  
d e c r e a s e  i n  appa ren t  loss w i t h  i n c r e a s i n g  mass, and by comparing 
abundances between s i l i c a t e  and metal phases  of t h e  samples  
(metals ho ld  t h e  gases  more t i g h t l y ) .  Evidence r e g a r d i n g  
r e l a t i v e  loss of  A r ,  K r ,  and X e  i s  c o n t r a d i c t o r y ,  w i t h  some 
a u t h o r s  b e l i e v i n g  t h e  heavy gases  ( K r  and Xe) have undergone 
s i g n i f i c a n t  loss and o t h e r s  s e e i n g  no loss. 

Desp i t e  e l e m e n t a l  and p o s s i b l e  i s o t o p i c  f r a c t i o n a -  
t i o n s  one can "home-in" on s o l a r  abundances of  nob le  g a s e s .  
I n  all cases it i s  f i r s t  necessary  t o  c o r r e c t  f o r  s p a l l o g e n i c  
components. When such i s  done, one f i n d s ,  f o r  example, t h a t  
H / H e  of 2 8  i s  much lower than  t h e  expec ted  v a l u e  of 217 b u t  
t h a t  H e  / H e 3  of 22800 i s  c l o s e  t o  t h a t  a n t i c i p a t e d  f o r  s o l a r  
wind. 
e a r t h ' s  a tmospher ic  r a t i o  which may r e f l e c t  p r e f e r e n t i a l  

t e r res t r ia l  g r a v i t a t i o n a l  loss of N e 2 '  i f  t h e i r  i n i t i a l  r a t i o s  
w e r e  t h e  same. That  t hey  may have been t h e  same i s  suppor t ed  

by t h e  i d e n t i t y  of t h e  l u n a r  and t e r r e s t r i a l  A r 3 6 / A r 3 8  of  25. 

4 

The N e 2 0 / N e 2 2  v a l u e s  of 211-14 are h i g h e r  t h a n  t h e  

Most of  t h e  K r  and X e  i s  a t t r i b u t e d  t o  a s o l a r  wind 
o r i g i n .  "Anomalies" i n  krypton and xenon i s o t o p e s  ( r e l a t i v e  
t o  c e r t a i n  m e t e o r i t e s )  are thought  t o  be  caused by d i f f e r e n c e s  
i n  t h e  amount of f i s s i o n o g e n i c  and s p a l l o g e n i c  components a l -  
though t h e  l a r g e  excess  of  Xe and somewhat low K r 8 6  i n  many 
samples  are n o t  y e t  s a t i s f a c t o r i l y  exp la ined .  A much hoped f o r  

CALC:SJ -.-I--- of 12' which rr?ight h e  a t t r i b u t a b l e  t o  t h e  s h o r t - l i v e d  
II2' and lead t o  c a l c u l a t i o n s  of t h e  t i m e  of s e p a r a t i o n  of  t h e  
moon from t h e  s o l a r  nebu la  was n o t  found. 

Paleomagnetism 

A d e t a i l e d  s e a r c h  f o r  remnant magnetism was made on 
t h e  c r y s t a l l i n e  rocks  and b r e c c i a s .  Determina t ion  of  t h e  Cur i e  
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p o i n t  ( ~ 7 0 0 ~  t o  8OOOC) f o r  t h e  magnet ic  material  i n d i c a t e s  
t h a t  t h e  s o u r c e  o f  magnetism is  i n  i r o n  and i l m e n i t e .  Con- 
s i s t e n t  w i t h  t h i s ,  t h e  b r e c c i a s  e x h i b i t  more magnet ic  r e sponse  
t h a n  t h e  c r y s t a l l i n e  rocks ,  p o s s i b l y  because  of  a s i g n i f i c a n t  
a d d i t i o n  of  i r o n  m e t e o r i t e  m a t e r i a l  t o  t h e  b r e c c i a s .  S e v e r a l  
i n v e s t i g a t o r s  f i n d  t h a t  t h e  rocks do e x h i b i t  a remnant magnetism 
i n d i c a t i v e  of t h e  presence  of a magnet ic  f i e l d  a t  t h e  t i m e  t h e  
rocks  w e r e  formed. I n  t h e  case  of  t h e  c r y s t a l l i n e  r o c k s ,  t h e  
magnetism' w a s  presumably acqui red  as t h e  rocks  cooled  through 
t h e  Cur i e  p o i n t s  ~ 3 . 7  b i l l i o n  y e a r s  ago. The e s t i m a t e d  s t r e n g t h  
of t h e  f i e l d  w a s  ~1500-25OOy. I f  i t  w a s  a l u n a r  f i e l d ,  it i s  
p o s s i b l e  t h a t  a s m a l l  f l u i d  core  e x i s t e d  a t  t h a t  t i m e .  On 
t h e  o t h e r  hand, one cannot  d i smis s  out-of-hand t h e  p o s s i b i l i t y  
t h a t  t h e  moon w a s  much c l o s e r  t o  t h e  e a r t h  a t  t h a t  t i m e  and 
w a s  s imply " see ing"  t h e  t e r r e s t r i a l  f i e l d  (much as  it does  now 
as it p a s s e s  through t h e  geomagnetic t a i l  of t h e  e a r t h )  o r ,  
less  l i k e l y ,  t h a t  a much s t r o n g e r  s o l a r  wind f i e l d  e x i s t e d .  
I n t e r p r e t a t i o n  of t h e  b r e c c i a  magnetism is  h a r d e r  i n  t h a t  one 
i s  n o t  c e r t a i n  of  t h e  e f f e c t  o f  shock. 

A s e a r c h  f o r  magnetic monopoles w a s  comple te ly  unsuc- 
cess f u l  . 
P h y s i c a l  P r o p e r t i e s  

Ana lys i s  o f  t h e  core  t u b e  mater ia l  i n d i c a t e d  a bulk  
d e n s i t y  of 1 . 6  t o  1 . 7  g/cc. S i n c e  t h e r e  are no  s i g n s  of 
s i g n i f i c a n t  compaction or  expansion o f  t h e  s o i l ,  t h i s  i s  ap- 
p a r e n t l y  close t o  t h e  rea l  l u n a r  d e n s i t y .  Combined w i t h  an 
e s t i m a t e d  s p e c i f i c  d e n s i t y  of 3 .1  q/cc, one a r r i v e s  a t  a s o i l  
p o r o s i t y  o f  ~ 4 5 - 5 0 % .  A de t e rmina t ion  of t h e  a p p a r e n t  ( b u l k )  
d ie lec t r ic  of  t h e  s o i l  a t  t h a t  p o r o s i t y  gives ~ 2 . 8  - j u s t  what 
t h e  ea r th -based  r a d a r  and Exp lo re r  35 r e s u l t s  p r e v i o u s l y  
i n d i c a t e d .  T e s t s  of  r a d i o  wave p ropaga t ion  through t h i s  mater ia l  
( a t  450-2) i n d i c a t e  a mean a b s o r p t i o n  depth of %lox. 

M o s t  o f  t h e  c r y s t a l l i n e  rocks  have i n t r i n s i c  d e n s i t i e s  
i n  t h e  range  3.2-3.4 g/cc ( c o r r e c t e d  f o r  0-15% p o r o s i t y ) .  I f  
t h e  rocks  are p u t  i n t o  a "squeezing" appa ra tus  and t e s t e d  f o r  
c o m p r e s s i b i l i t y  and sound v e l o c i t y ,  it i s  seen  t h a t ,  u n l i k e  
most t e r res t r ia l  rocks ,  t h e r e  i s  a r a p i d  i n c r e a s e  as one goes 

t e r n  i s  a t t r i b u t e d  t o  e x t e n s i v e  m i c r o f r a c t u r i n g  between m i n e r a l  
g r a i n s .  
sec which i s  c o n 2 i s t e n t  w i t h  t h e  t e n t a t i v e  v e l o c i t y  d e t e r m i n a t i o n s  
d e r i v e d  e e i s m i c a l l v  on t h e  moon from t h e  LN a s c e n t  stage impact  
exper iment  on Apolio 1 2 .  The P-wave v e l o c i t y  of %5.5km/sec a t  
2Kb  s u g g e s t s  t h a t  an e f f i c i e n t  wave-guide may e x i s t  i n  t h e  upper  
several 1 0 ' s  of km o f  t h e  l u n a r  s u r f a c e  - f u t u r e  l u n a r  seismic 
exper iments  shou ld  shed l i g h t  on t h i s  p o s s i b i l i t y .  
s i g n i f i c a n t  i n  t h e  v e l o c i t y  p ropaga t ion  experiment  i s  the f i n d i n g  

cram 6 to 2Kb w i t ? ,  a m-iick, s l ~ - ~ - e r  i n c r e a s e  +hnrn=Ftnv L-IIGLLUL C L L  . This n a f -  P-' 

The P-wave v e l o c i t y  de te rmined  at O K b  i s  ~ 2 . 6  t o  2.8km/ 

A l s o  



BELLCOMM, INC. - 16 - 

t h a t  t h e  Q i s  ve ry  low (%IO) below 2 0 0  b a r s ,  a. p r o p e r t y  a g a i n  
a t t r i b u t e d  t o  m i c r o f r a c t u r i n g  i n  t h e  rocks .  As expec ted ,  
t h e  c o m p r e s s i b i l i t y  of  t h e  f i n e s  and breccia i s  much g r e a t e r  
t h a n  t h a t  of t h e  rocks .  

The s o i l ,  as mentioned above, has  obv ious ly  been 
d e r i v e d  from a v a r i e t y  of sources and t h e  p a r t i c l e  s i z e  
d i s t r i b u t i o n  r e f l e c t s  various comminution, f u s i o n ,  aggrega- 
t i o n ,  and d i s a g g r e g a t i o n  p rocesses .  I n  t o t o ,  however, t h e  
p r o c e s s e s  have c r e a t e d  f i n e s  w i t h  a mean p a r t i c l e  d i ame te r  
around 40-60pm b u t  a mode c l o s e r  t o  2 0 p m  (35 t o  50% < 2 0 p m ) .  
Photometr ic  and p o l a r i m e t r i c  p r o p e r t i e s  of t h e  f i n e s  appear  
t o  be about  t h e  same on l a b  s i z e  specimens as on t h e  15-20km 
scale i n v e s t i g a t e d  u s i n g  t e l e s c o p e s .  
i s  an a lbedo  of 0 . 0 9 ,  somewhat d a r k e r  t han  t h e  ave rage  around 
T r a n q u i l l i t y  as s e e n  from e a r t h .  

t r i b u t e d  by some t o  t h e  r e l a t i v e l y  h igh  i r o n  and t i t a n i u m  
c o n t e n t  of t h e  g l a s s .  The reason  f o r  t h e  appa ren t  da rken ing  
of l u n a r  s o i l  as it "ages" ,  however, has  n o t  been conv inc ing ly  
determined.  One h y p o t h e s i s  p r o f f e r e d  w a s  t h a t  d e v i t r i f i c a t i o n  
( c r y s t a l l i z a t i o n )  of t h e  g l a s s  w i t h  t i m e  l e a d s  t o  darkening  
w h i l e  a n o t h e r  a t t r i b u t e d  it t o  s p u t t e r i n g  which s e l e c t i v e l y  
c o a t s  p a r t i c l e s  w i t h  meta l  atoms. T e s t s  f o r  such s u r f a c e  
c o a t i n g s  have n o t  been conc lus ive .  

The on ly  anomaly r e p o r t e d  

The g e n e r a l l y  low a lbedo of t h e  s o i l  has  been a t -  

S p e c t r a l  r e f l e c t i v i t y  measurements show s t r u c t u r e  
i n  t h e  1 and 2 c m  r e g i o n  a t t r i b u t a b l e  t o  t h e  f e r r o u s  (Fe++) 
i r o n  and (weaker) s t r u c t u r e  a t  %0.5 and 1 . 3 p m  a t t r i b u t a b l e  t o  
t i t a n i u m . i n  t h e  samples (most of t h e  r e sponse  i s  from t h e  
c l i n o p y r o x e n e ) .  The s t r o n g e s t  " s i g n a l s "  come from rock and 
rock fragments  b u t  d i a q n o s t i c  s i g n a l s  a r e  s t i l l  o b t a i n a b l e  on 
t h e  f i n e s .  The s i g n a t u r e  from t h e  f i n e s  matches t h a t  o b t a i n e d  
f r o m  ea r th -based  work  i n d i c a t i n g  r e a s o n a b l e  homogeneity around 
t h e  T r a n q u i l l i t y  s i t e  ( a t  l e a s t  t o  % l O k m  away) b u t ,  more 
i m p o r t a n t ,  conf i rming  t h e  p r e v i o u s l y  t e n t a t i v e  conc lus ion  t h a t  
t h e  s i g n a t u r e  can be  i n t e r p r e t e d  i n  t e r m s  of composi t ion.  

s o i l  shows t w o  major f e a t u r e s .  F i r s t ,  it i s  ex t remely  weak, 
and second,  what t h e r e  i s  of it appears t z l  i nc rease  slightly 
w i t h  depth  (core- tube  sample) .  A proposed and r e a s o n a b l e  cor- 
r e l a t i o n  of t h e  increase has  been made w i t h  t h e  thermal  wave 
p r o p a g a t i o n ,  t h e  i d e a  be ing  t h a t  t h e  warmer upper  l a y e r s  have 
undergone more the rma l  annea l ing .  * Labora tory  tests show t h a t  
it i s  t h e  p l a g i o c l a s e  f e l d s p a r  of  t h e  samples t ha t  i s  r e s p o n s i -  
b l e  f o r  most of t h e  luminescence and t h a t  t h e  luminescence i s  
caused  most ly  by pro ton  bombardment r a t h e r  t han  UV. 

S t u d i e s  of t h e  n a t u r a l  thermoluminescence of  t h e  

Measurement 

*This i s  c o n s i s t e n t  w i t h  t h e r m a l  i n e r t i a  d a t a  on r e t u r n e d  
sample.  
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of energy convers ion  e f f i c i e n c i e s  of ~ 1 0  -6 make it impos- 
s i b l e  t o  b e l i e v e  t h a t  r e p o r t e d  ea r th -based  s i g h t i n g s  of 
l u n a r  l iminescence  w e r e  r ea l .  

Life-Forms and Organic Chemistry 

A thorough s e a r c h  f o r  p a r t i c l e s  w i t h  morphologies  

C o n s i s t e n t  w i t h  t h i s  are c o n c l u s i o n s  based  upon 
which might be  i n d i c a t i v e  of l i f e - fo rms  gave 1 0 0 %  n e g a t i v e  
r e s u l t s .  
a n a l y s e s  of carbon and carbon-conta in ing  compounds. 

There i s  carbon i n  t h e  samples ,  w i t h  more i n  t h e  
f i n e s  ( ' ~ 1 5 0  t o  250ppm) t h a n  i n  t h e  c r y s t a l l i n e  rocks  ($7Oppm) 
and i n  t h e  f i n e s  themselves ,  t h e  carbon i s  c o n c e n t r a t e d  i n  
t h e  s m a l l e s t  s i z e  f r a c t i o n s .  I n  t h e  a n a l y s e s ,  most (80 -90%)  
of  t h e  carbon comes o f f  as CO wi th  t h e  remainder  b e i n g  p r i m a r i l y  
C 0 2 .  Traces  of C H 4 ,  HCN, and C2H2 account  f o r  zlppm. I t  i s  
surmised  t h a t  i n  t h e  s o i l  t h e  carbon e x i s t s  i n  t h e  form of CO 
i n  vesicles 
m e t a l  c a r b i d e s  (Fe  C has  been i d e n t i f i e d  and i s  a r a t h e r  com- 

mon m i n e r a l  i n  m e t e o r i t e s ) ,  and CH4.  The u l t i m a t e  s o u r c e  of 
t h e  carbon i s  probably  a combination of  i nd igenous  l u n a r  (as 
r e p r e s e n t e d  by t h e  carbon i n  t h e  c r y s t a l l i n e  r o c k s ) ,  meteorite, 
and s o l a r  wind. One s u s p e c t s ,  b u t  c a n ' t  p rove ,  t h a t  t h e  
meteorite c o n t r i b u t i o n  i s  dominant. 

i n  g l a s s  p a r t i c l e s ,  C a s  g r a p h i t e  o r  diamond, 
3 

The s e a r c h  f o r  o r g a n i c  compounds w a s  p a r t i c u l a r l y  
f r u s t r a t i n g  w i t h  e s t i m a t e s  of upper l i m i t s  of  C12-C36 compounds 
( a l k a n e s  and o t h e r  r e l a t i v e l y  non-polar  compounds) r ang ing  from 
0 .02  t o  5ppb. a n a l y s e s  f o r  amino a c i d s  gave r e s u l t s  r ang ing  
from $O.Olppb t o  r e p o r t s  of t r a c e s  a t  t h e  Slppb l e v e l .  N o  
con f idence  was expres sed  t h a t  t h e  t r a c e s  could  be  a t t r i b u t e d  
t o  any th ing  b u t  contaminat ion  ( a long  l i n e s  of  con tamina t ion ,  
t r a c e s  of  LM combustion p roduc t s  w e r e  r e p o r t e d ) .  T races  (%O.lppb) 
of po rphyr ins  ( o r g a n i c  pigments e s s e n t i a l  t o  l i f e  p r o c e s s e s )  
w e r e  found b u t  t h e  s a m e  t r a c e s  w e r e  d e t e c t a b l e  i n  LM e x h a u s t  
p r o d u c t s  c o l l e c t e d  d u r i n g  a t e s t  LM engine  f i r i n g  a t  White Sands. 
An i n t e r e s t i n q  s p e c u l a t i o n  a r i s i n g  from t h e s e  o b s e r v a t i o n s  and 
pertinent to +_he " n r i g i n "  of l i f e  is t h p  pos:ihlp himh famnara- 
t u r e  c r e a t i o n  of such o rgan ic s  from s imple  i n o r g a n i c  s o u r c e  
m a t e r i  a 1. 

Y-- --*.. p--u 

The F u t u r e  

This  memorandum r e p c e s e n t s  my a t t empt  t o  i n t e g r a t e  
t h e  r e s u l t s  of t h e  Apollo 11 sample a n a l y s e s  as r e p o r t e d  i n  
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%140 pape r s  a t  t h e  Apollo 11 Lunar Sc ience  Conference i n  
Houston, January  5-8, 1970 .  I t  shou ld  be  clear t o  t h e  
r e a d e r  t h a t ,  w h i l e  problems remain i n  i n t e r p r e t a t i o n  of  
c e r t a i n  r e s u l t s ,  t h e  d a t a  p e r t a i n i n g  t o  geology,  minera logy ,  
p e t r o l o g y ,  i n o r g a n i c  and o r g a n i c  chemis t ry ,  r a d i o g e n i c  
i s o t o p e s ,  solar  wind and cosmic r a y  s p a l l a t i o n  p r o d u c t s ,  
magnet ic  and e l ec t r i ca l  p r o p e r t i e s ,  p h y s i c a l  p r o p e r t i e s ,  
impact  metamorphism, and micropaleonto logy  add up t o  t h e  
g r e a t e s t  s i n g l e  advance i n  t h e  unde r s t and ing  of a p l a n e t a r y -  
s i z e d  body e v e r  a t t a i n e d .  

C l a r i f i c a t i o n  and e x t e n s i o n  of  t h e  work r e p o r t e d  
on h e r e  w i l l  r e q u i r e  much more a n a l y s i s  of Apollo 11 samples 
and of new samples from Apollo 1 2  and f u t u r e  si tes.  I f  w e  
are t o  e f f e c t i v e l y  u t i l i z e  f u t u r e  l u n a r  mis s ions  as r e g a r d s  
s i t e  s e l e c t i o n ,  i n s t rumen t  emplacement, sampling t e c h n i q u e s ,  
g e o l o g i c  o b s e r v a t i o n s ,  and o r b i t a l  s e n s i n g ,  w e  must comprehend 
and c o n t i n u a l l y  up-date  t h e  summation of a l l  t h e  l u n a r  
i n v e s t i g a t i o n s .  To  t h a t  end,  r e a d e r s  a r e  encouraged t o  inform 
t h e  a u t h o r  of c r i t i c a l  omiss ions ,  p o s s i b l e  m i s - i n t e r p r e t a t i o n s  
and new d a t a .  

201SLNWH-gmr N. W. Hinners  
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